The development of a fluid cell with an acoustic radiation pressure ͑ARP͒ actuator for atomic force microscopy ͑AFM͒ is reported. The ARP actuator uses a zinc oxide thin film transducer fabricated on a silicon substrate to generate acoustic waves in the 120-180 MHz range. These waves are coupled to the liquid and are reflected off of the AFM cantilever exerting radiation pressure to move the AFM cantilevers in the dc-MHz frequency range, providing a fast actuation scheme. Since the ARP actuator is remotely located on the fluid cell, it can be used with virtually any type of cantilever. The design, fabrication, and characterization of the AFM fluid cell with an ARP actuator are discussed and the performance of the device is compared with theoretical predictions. ARP actuator electronics and its integration to a commercial AFM system are described. Tapping mode images and molecular adhesion measurements are presented as illustrative examples.
I. INTRODUCTION
The importance and variety of atomic force microscopy ͑AFM͒ applications in liquids for imaging and measurement of biological samples and chemical processes has been increasing along with the demands on the AFM system performance. For imaging applications in liquids, the tapping mode is commonly used to minimize damage to the sample. 1, 2 This mode of imaging requires an actuation scheme capable of exciting the cantilever resonances without any spurious resonances. 3 Since many biological and chemical processes occur in less than a minute, one needs fast, yet soft, cantilevers ͑high resonance frequency͒ and broadband actuators to drive them. 4 The AFM has also been used to perform force spectroscopy measurements on a variety of molecules to determine parameters such as bond life, intermolecular forces, and molecular structure. 5 In addition to the advantage of faster measurement times to shrink the separation between the time scales of force spectroscopy experiments, parallel measurements would be required to verify statistical models used for characterization biomolecular interactions. 6 An array of individually actuated cantilevers can speed up this process significantly, as in the case of parallel imaging applications. 7 Furthermore, quicker scan speeds will reduce the time spent locating interesting features and enable the study of dynamics occurring in liquid or physiological environments. 8 Cantilever actuation schemes used in current AFM systems do not satisfy these demanding requirements simultaneously. Conventional AFM systems use a piezotube as the z-axis actuator for both dc and ac actuation. Therefore, the speed of the AFM is limited by the resonant frequency of the piezotube, which is typically in the several kHz range, corresponding to scan speeds of 10-50 m / s. A direct approach to overcome these limitations uses smaller cantilevers with open loop operation or to reduce the size of the actuation hardware including the piezoelectric stack. This approach has been successfully used to view myosin V molecules moving around on mica with a frame rate of 12.5 frames/ s, with a tip speed of 0.6 mm/ s. 8 However, these approaches cannot be transferred directly to commercial AFM systems for wider use, and are not suitable for scaling up in the form of arrays.
Among many proposed actuation methods for fast imaging, one of the promising approaches so far involves integration of a thin film piezoelectric actuator onto the AFM cantilever. 9 With this structure, the cantilever is moved by the voltage applied to the zinc oxide ͑ZnO͒ transducer terminals, both for z positioning and for tapping operation. Furthermore, this actuator can be used to actively control the vibration characteristics of the cantilever. 10 However, there are some drawbacks of this actuator. The piezoelectric film electrodes should be passivated for immersion applications, which results in degradation of the tip sharpness. 11 More importantly, integration of the piezoelectric actuator puts limitations on the material, geometry and the stiffness of the cantilevers. The high stress in the ZnO films makes it difficult to build thin cantilevers with desired stiffness. It has not been possible, for example, to integrate piezoelectric actuators to soft cantilevers required for imaging biological samples and force spectroscopy of biomolecules. Other actuation methods requiring magnetic films, or conductive cantilevers also suffer from similar limitations. 12 The actuation of AFM cantilevers using acoustic radiation pressure ͑ARP͒ was recently introduced. 13 This technique utilizes the acoustic radiation force generated by reflecting high-frequency ͑50-250 MHz͒ acoustic waves off a͒ Author to whom correspondence should be addressed; electronic mail: ldegertekin@me.gatech.edu the AFM cantilever. ARP actuation provides a broad bandwidth in the dc-MHz, enabling fast imaging and producing clean tuning curves. More importantly, it can be used with commercial AFM cantilevers with virtually any geometry and material. Tapping mode and elasticity imaging has been performed with an ARP actuation scheme, however, the ARP actuator geometry was not suitable for integration with conventional AFM imaging systems and therefore its use on a variety of samples was limited. 14 In this article, we introduce a fluid cell for AFM with an integrated ARP actuator that can be used with a commercial AFM system. This fluid cell is capable of both dc and ac excitation of any cantilever without any spurious resonances. In the following, we first give a brief theory of operation of the ARP actuator. We then describe the ZnO thin film ARP transducer, details of the fluid-cell construction, and the custom-designed ARP driver electronics. Experimental characterization results obtained from the ARP actuatorintegrated commercial AFM system are also presented. Finally, tapping mode imaging and molecular force spectroscopy results are presented and discussed as illustrative application examples.
II. THEORY OF OPERATION
The ARP actuator relies on the fact that a traveling acoustic wave carries a momentum, like an electromagnetic wave, which is partially reversed when it is reflected from a boundary. Such a momentum change dictates that the time average of pressure at the boundary cannot be zero and must be proportional to the magnitude of momentum change. Theoretical calculations of the radiation pressure were first made by Rayleigh, however, discussions about the correct calculation of the magnitude of the force continued for a long period of time. 15, 16 Recent practical applications of ARP actuation include ultrasonic droplet ejection for ink printing and acoustovibrometry, where an amplitude-modulated ultrasound beam is used to remotely apply low-frequency forces to measure elastic properties of tissue as well as solid structures. 17, 18 For our purposes, one can consider the schematic shown in Fig. 1 to explain the principle of the ARP actuation of AFM cantilevers. An acoustic wave is reflected off the surface of a cantilever that has an overall pressure reflection coefficient of ⌫. Note that for the focused beam case, a value of ⌫ can be computed as a weighted average of the reflection coefficients of plane waves with different directions. The time-averaged ARP force applied on the cantilever can be calculated by using the Langevin radiation pressure, ⍀, given in Eq. ͑1͒, where I i is the intensity of the incident acoustic wave and c is the speed of sound in the liquid medium,
This equation predicts 1.33 nN of force applied for 1 W acoustic power for a perfectly reflecting boundary. But several loss mechanisms are in effect during the conversion of electrical power input to the ARP actuator transducer to acoustic power that reaches the cantilever. The sources of loss are piezoelectric material losses, impedance mismatch between the electrical generator and the transducer, acoustic attenuation in both transducer substrate and in liquid medium, and the inability of the unfocused transducer to project all available acoustic power on the relatively small area of most AFM cantilevers, i.e., diffraction losses.
Due to the quadratic dependence of the radiation force to the average value of instantaneous acoustic pressure, in order to apply a given amount of time-varying force, F͑t͒ ͑normal-ized to unity͒ to the cantilever, the rf input voltage needs to have a form given by v͑t͒ = C ͱ 1+F͑t͒cos͑ c t͒, where c denotes the carrier angular frequency in the rf range and C is a constant. The addition of 1 to F͑t͒ ensures that there will not be any clipping of the sinusoidal force applied to the cantilever, since the ARP actuator can only apply forces in a single direction. It should also be noted that the there is usually at least two orders of magnitude separation between the frequency of the applied force F͑t͒ and the carrier frequency.
III. INTEGRATION OF ARP ACTUATOR TO FLUID CELL

A. Fabrication of the fluid cell holder
The body of the custom fluid cell was designed in a three-dimensional ͑3D͒ modeling software and fabricated by high resolution stereolithography. 19 This process allowed the precision and complexity required in the final product as compared to conventional machining. The transducer chip, which has dimensions of 1.5 mmϫ 2.5 mm, is positioned at a 45°angle with respect to the sample surface, as illustrated in the schematic of Fig. 2 . Since the cantilever to transducer distance is important for acoustic attenuation loss and streaming effects, this position was chosen as a compromise. The chip was located such that there is an imaginary line normal to the transducer surface that passes though the center of the piezoelectric transducer and intersects the cantilever very close to the tip location. This arrangement reduced the transducer to cantilever distance to approximately 1.45 mm while allowing optical access to the cantilever via an optical window made from polycarbonate. Since the positioning of the cantilever with respect to the transducer is important, custom alignment marks and recesses were built into the structure to aid positioning. A custom bracket, which mounts to the AFM head, was also designed in order to isolate the holder from external vibrations and forces that can come via the small diameter coaxial cable that carries the electrical signal to the transducer. A picture of the fluid cell is shown in Fig. 3 , together with a close-up of the transducer and cantilever area.
B. ARP transducer
The piezoelectric acoustic transducer for the ARP actuator was fabricated on 330 m thick 1.5 mmϫ 2.5 mm silicon substrate, and sputtered ZnO was used as the piezoelectric material ͓see Fig. 4͑a͔͒ . Fabrication involves a two-mask process, first one for the formation of the bottom electrode and second for the formation of an active ZnO element and the top electrode. The bottom electrode is evaporated Ti-Au film. The ZnO transducer element is deposited by direct magnetron sputtering and has an approximate thickness of 19 m. The top electrode is also fabricated from gold. Both the 1.2 mmϫ 0.8 mm transducer element and the top electrode were defined by a single mask and formed by wet etching. Details of the fabrication process can be found elsewhere. 20 Note that arrays of ARP actuators can be formed easily using this fabrication process. As an example, an array of rectangular ZnO transducers of various sizes fabricated on a separate silicon substrate is shown in Fig. 4͑b͒ .
IV. CHARACTERIZATION OF THE ARP ACTUATOR
A. Electrical characterization
The electrical characteristics of the transducer were modeled with a standard one-dimensional KLM model that consists of an air-backed ZnO transducer on a silicon substrate that is in contact with a fluid half-space, in this case made of water. The loss in ZnO thin film and the substrate material were modeled using finite quality factors of 40 and 240, respectively. Figure 5 shows the comparison between calculated and measured electrical impedance of the transducer operated in water. The individual sharp peaks, spaced approximately 13 MHz apart, are due to the cavity resonances inside the silicon substrate, which is the result of the large acoustic impedance mismatch between silicon and water. A much broader curve, which can be formed by the connecting the maxima of the peaks, represents the frequency response of the piezoelectric element radiating into a silicon half-space, as expected. In order to increase the efficiency thus to reduce the electrical impedance mismatch between the transducer and rf source at the desired operating frequency of 153 MHz, a simple serial inductor with a value of 0.68 H was used, which resulted in an electrical reflection coefficient of ͉⌫ e ͉ = 0.4.
B. Acoustic characterization
The acoustic actuation response of the actuator was measured by sweeping the carrier frequency while monitoring the AFM cantilever deflection. For this measurement, a V-shaped silicon nitride cantilever was driven at 1 kHz, below its resonant frequency, by modulating the carrier signal, as discussed earlier in this article. Note that using the lock-in amplifier instead of a rms detector allows the detection of only the first harmonic, removing the effect of the inherent 
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Actuator for atomic force microscopy Rev. Sci. Instrum. 76, 103703 ͑2005͒ nonlinearity of the ARP actuation method. The value of the observed cantilever vibration, around the selected 153 MHz peak of the device and normalized to its maximum value, is depicted in Fig. 6 . The −3 dB bandwidth of the device around this peak is measured as 450 kHz. It should be noted that this peak is a direct result of the cavity resonance that forms inside the silicon transducer substrate and it is not an inherent characteristic of the piezoelectric element. It has been shown previously that ARP actuators with different substrates and matching layers can have bandwidths in the MHz range.
14 Using a 140 m long, 20 m wide V-shaped silicon nitride cantilever with 0.1 N / m spring constant, we measured the losses in the ARP actuator system from the electrical input to the cantilever deflection. This observed value deflection is 78 dB less than the theoretical maximum value of 1.13 nN/ W mentioned in the first section of this article. The electrical impedance mismatch discussed earlier accounts for 1.5 dB of this loss. Acoustic attenuation in the water at 150 MHz contributes 14.6 dB of the loss according the tabulated values. Diffraction loss due to unfocused operation is 44 dB, and the less than unity pressure reflection from the cantilever surface and the reflections from the rigid sample surface pushing back the cantilever in the opposite direction contribute 10 dB. Finally, the 45°angle of the beam and the reflection coefficient of the cantilever, which was calculated as 0.4 for a 0.6 m thick cantilever at 150 MHz, contribute 4.6 dB to the total loss. Overall, these simple considerations with plane wave approximations agree with the measured value to within a factor of 3. Note that cylindrical or spherical focusing can be used to reduce the diffraction losses by 20 dB, increasing the efficiency of the ARP actuator significantly, enabling its use for applications beyond the ones described here.
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V. ARP DRIVER ELECTRONICS
In order to use the ARP actuator for fast imaging, a number of changes to the existing commercial AFM system were made, as shown in Fig. 7 . 21 The Z piezo in the AFM scanner head was deactivated by disconnecting it from the AFM controller. The low-voltage Z-piezo control signal from the AFM controller was then added to the ac tapping mode signal with appropriate coefficients. This signal represents the total amount of force to be applied on the cantilever. However, it needs to be modified by using a square root generator circuit before being used as the modulating signal for the rf generator, since the force applied by the ARP actuator is proportional to the power, not the amplitude, of the rf input signal, as discussed previously. The square root function is approximated by using a piecewise linear function, which is implemented by using an operational amplifier and a network of resistors that are progressively shorted by eight diodes.
Another limitation on system speed is the bandwidth of the rms detector that is used in a commercial AFM system, which is approximately 1.5 kHz. 22 A high-speed rms detector was constructed by cascading a high-pass filter, full wave rectifier, and a low-pass filter. Both the low-and high-pass filters are fourth-order Chebyshev-type filters implemented by using Tow-Thomas resonator circuits . The choice of Tow-Thomas resonator circuits enables the adjustment of the bandwidth of the rms detector simply by potentiometers. With this approach we were able to select different rms detector bandwidths for different cantilevers to optimize the scan speed. Usually 30%-35% of the fundamental resonant frequency of the cantilevers was selected as the cutoff frequency.
VI. APPLICATION EXAMPLES
A. Tapping mode imaging
For tapping mode imaging, a V-shaped silicon nitride cantilever ͑k =0.1 N/m͒ with a resonant frequency of 6.5 kHz in water was selected as a compromise between the speed and actuation range. The cantilever tip was located laterally around 10-15 m away from the edge of the sample surface to maximize the actuation range without the adverse effects of reflected waves from the sample. A free cantilever amplitude of 30 nm is used and the cantilever was excited at its resonant frequency. The cutoff frequency of the rms detector was set to 2 kHz due to the limitation imposed by the low resonant frequency of the cantilever. Figure 8 shows the oscillation amplitude versus. vertical position curve, i.e., the approach curve, which was acquired using conventional Z piezo of the AFM system. The approach curve is free of actuation artifacts and it has a near-unity slope after the cantilever starts intermittent contact with the surface. Note that the Z piezo of the commercial AFM was used to extend the vertical range of the approach curve measurement to clearly illustrate the actuator characteristics.
For a demonstration of the tapping mode imaging capability using the ARP actuator as the only actuator, the same cantilever of Fig. 8 was used. With the Z piezo disconnected and 26 dBm electrical power input to the ZnO transducer, the ARP actuator had a 130 nm dc actuation range, which is adequate for the imaging of most biomolecular samples. During imaging, the PID feedback controller of the commercial AFM system was used with no proportional gain and the integral gain was experimentally adjusted close to the stability limit. The imaging results obtained on a sample with 2.5 m wide, 30 nm thick aluminum fingers deposited on a polished silicon substrate. Figure 10 , later, shows the image acquired with all acoustic ARP actuation ͓Fig. 9͑a͔͒ as well as an image of the same region acquired with regular contact mode operation ͓Fig. 9͑b͔͒. A comparison of the cross sections of two images is shown in Fig. 9͑c͒ . The good agreement between the traces and low noise level in the images should be noted.
B. Force spectroscopy measurements on single molecules
To test the capability of the ARP actuator for conducting single molecular experiments, we measured unbinding forces between ␣ 5 ␤ 1 integrin ͑reconstituted in the coverglasssupported lipid bilayer͒ and fibrinectin ͑adsorbed on the cantilever tip͒. Binding was infrequent, ensuring dominant single molecular interactions, yet much higher than that between the same ␣ 5 ␤ 1 bilayer and a control cantilever tip coated with a noninteracting molecule ͑BSA͒, ensuring binding specificity. The cantilever tip was first brought to within 0.4 m of the ␣ 5 ␤ 1 bilayer by a PZT actuator. Then the PZT actuator was disabled and the ARP actuator was turned on to drive the cantilever in repeated approach-contact-retraction cycles. Two such cycles with separate approach and retraction sections are exemplified in Fig. 10 . Here, the tip deflection was monitored by a photodetector and converted to force ͑ordinate͒ using the spring constant of the AFM cantilever, which is plotted against the ARP driving force ͑bottom abscissas͒ and time ͑top abscissas, only the retraction phase͒. It is evident that single ͓Fig. 10͑b͔͒ unbinding events were clearly observed, demonstrating the feasibility of ARPdriven AFM for single molecule measurements to generate statistically significant data. The deviations of the approach curve from a flat line are due to the calibration procedure used. Nevertheless, the repeatability of the curves is impressive for these initial measurements. The rms noise in the measurements is ϳ30 pN, which is mainly due to the mechanical vibration of the commercial AFM system. With better vibration isolation, this figure will be significantly improved.
VII. CONCLUSION
The ARP actuator is integrated to a fluid cell compatible with a commercial AFM system to perform most standard imaging and force spectroscopy measurements, as demonstrated with the results presented. With its flexibility to drive any type of cantilever and broad bandwidth including dc actuation capability makes it suitable, especially for demanding high-speed imaging applications. The ARP actuator is fabricated using well-known ZnO deposition and microfabrication techniques, which can be used to form arrays of focused actuators with higher efficiency and capability of actuating individual cantilevers in 1D or 2D arrays. In our current work we aim to initially develop 1D actuator arrays for parallel single molecular force spectroscopy and then apply the technique for fast, parallel imaging in fluids.
